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INTRODUCTION 

The l i t e r a t u r e  contains  r e l a t i v e l y  l i t t l e  evidence t o  ind ica te  how 
asphaltene i s  formed i n  nature. 
t ene  s t ruc ture  consis t ing of polynuclear aromatic shee ts  (1,2,3) have not been 
accompanied by suggestions a s  t o  what chemical reac t ions  might produce such struc- 
tures. 
of  how t o  reverse the process. 

on the  basis of a de ta i led  chemical and spectroscopic study ( 4 ) .  A possible  
route  t o  such a s t ruc ture  i s  the aromatization and condensation of smaller mole- 
cu les  of biological  o r i g i n  with s u l f u r  and/or hydrogen su l f ide .  Hydrogen su l f ide  
is produced i n  nature by sulfate-reducing bac ter ia ,  which of ten  use petroleum as 
t h e  energy source (5). Heating terpenes with s u l f u r  o r  selenium a t  high tempera- 
t u r e s  to  convert them t o  more r e a d i l y  i d e n t i f i a b l e  aromatic hydrocarbons is a 
well-established method i n  s t r u c t u r e  e lucidat ion.  Heating cholesterol  with sel-  
enium produces t h e  Diels  hydrocarbon, methylcyclopentanophenanthrene, which was 
found i n  petroleum by Mair. 
s t ruc ture  of c e r t a i n  petroleum hydrocarbons and those produced by heating terpenes 
with su l fur  ( 6 ) .  
with sulfur  and obtaining "petroleum-type hydrocarbons" (7). They a l s o  reported 
obtaining dark viscous mater ia ls  with high s u l f u r  content. 
similar experiments t o  determine whether asphaltene is formed under these condi- 
t ions .  

I n  par t icu lar  the frequent proposals of an asphal- 

Knowing how asphaltene is  formed i n  nature might provide some indicat ion 

W e  have proposed t h e  average s t ruc ture  I f o r  Athabasca asphaltene 

Mair has  noted the general s i m i l a r i t y  between the 

In one experiment Douglas and Mair reported heat ing cholesterol  

We have car r ied  out  

EXPERIMENTAL 

Reaction of Cholesterol with Sulfur  

Powdered choles te ro l  (40 g ) ,  su l fur  (20 g) and, i n  most experiments, 
c l a y  (20 g)  were shaken u n t i l  thoroughly mixed and then heated under nitrogen a t  
170' for  7 days. The mixture w a s  cooled, d i lu ted  with benzene (about 3 : l )  u n t i l  
mobile and centrifuged t o  remove t h e  clay. The benzene so lu t ion  was shaken over- 
n ight  with mercury and centr i fuged t o  remove mercury su l f ide ,  i f  any, and mercury. 
Excess mercury was always present .  The benzene so lu t ion  was concentrated t o  a 
benzene:product r a t i o  of 1:l and d i lu ted  with 60 volumes of n-pentane. The mater- 
i a l  which prec ip i ta ted  was co l lec ted  by f i l t r a t i o n ,  washed with n-pentane, and 
then Soxhlet extracted f o r  th ree  days with ether .  The res idua l  s o l i d  was dried 
a t  50°C and C l m m  Hg f o r  two days. Typical analysis :  C, 74.0: H, 7.7: S, 17.0: 
0, 1.3. 

Reaction of Dimethylnaphthalene with Sulfur 

Technical grade dimethylnaphthalene from Terochem Laboratories, Edmonton, 
was used. 
hydrogen ana lys i s  bu t  contained 0.3% nitrogen. The dimethylnaphthalene (200 9, 
1.28 moles) and powdered s u l f u r  (17.2 g, 0.54 mole) were heated a t  140' f o r  2 days 
while exposed t o  t h e  a i r .  
material ("coke") was  f i l t e r e d  of f  (10.25 9 ) .  The t o t a l  volume was reduced tt 
400 m l  and t h e  m x t u r e  was d i l u t e d  wlth 6 1. of pentane. 

It w a s  completely so luble  i n  pentane and had the  cor rec t  carbon and 

The product w a s  d l lu ted  with benzene and the insoluble  

The p r e c i p i t a t e  was 
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col lec ted  and boiled with 10% aqueous sodium s u l f i t e  containing a few drops of 
ethanol fo r  4 hours t o  remove su l fur .  The residue was extracted with benzene, 
dried,  f i l t e r e d  and the  benzene evaporated t o  leave the  product (3.95 g, 2% y i e l d ) .  
Analysis: C I  80.5: H, 5.0: N,  1.4: S, 10.7: 0, 2.4. 

Reaction of Maltenes with su l fu r  

The maltenes from Athabasca bitumen (33.9 g) and su l fu r  (1.7 g) were 
s t i r r e d  mechanically i n  a 200 ml f l a sk  with re f lux  condenser under nitrogen 
for  1 hour, then heated t o  170' f o r  20 hours. The a ix ture  was d i lu t ed  with ben- 
zene, i n  which i t  w a s  completely soluble,  and shaken overnight with mercury. The 
so lu t ion  was 'decanted and d i lu t ed  with pentane to  p rec ip i t a t e  the product, which 
Was Soxhlet extracted with pentane and dried.  Yield 0.84 g. Analysis, a f t e r  
cor rec t ing  f o r  1.9% ash, c, 79.7: H, 7.9: N,  1.0: s, 9.4: 0, 2.1. Mw 7813. 

1 g of synthe t ic  asphaltene,  containing 5 mg-atoms of su l fu r ,  w a s  
added t o  a so lu t ion  of 7 m o l e s  of l i th ium aluminum hydride i n  27 mls of t e t r a -  
hydrofuran. 
hours and then refluxed f o r  16  hours. After cooling, 9% HC1 was added, cautiously 
a t  f i r s t ,  u n t i l  the inorganic material  separated as a white paste.  
was decanted, r ins ing  the  pas te  with dichloromethane. The solvent was evaporated, 
the  resiZue was dissolved i n  dichloromethane and washed with 9% HC1. 
methane was evaporated and the  residue redissolved i n  25 m l s  of tetrahydrofuran. 
A so lu t ion  of KOH (350 q, 3 p e l l e t s )  i n  5 ml of 98% ethanol was added. After 
s t i r r i n g  10 minutes, 1.25 m l s  of oc ty l  iodide was added and the  mixture w a s  s t i r r e d  
overnight. Most of t he  solvent w a s  evaporated and the  res idue  was par t i t ioned  bet- 
ween dichloromethane and 9% HC1. 
was pumped a t  50°C and 0.1 nun Hg under a dry-ice/acetone cold f inger  t o  remove 
most of the  oc ty l  iodide. Gc analys is  with hexadecane as i n t e r n a l  standard showed 
that the  product contained 3.12% of oc ty l  iodide. Recovered 1.04 g. Analysis, 
corrected fo r  2.8% ash, C, 77.1: H, 9.3: 0, 1.5: S, 12.1. Mw, found 974, a f t e r  
cor rec t ing  f o r  oc ty l  iodide present 1129, a f t e r  cor rec t ing  for o c t y l  groups added 
952. 

The mixture w a s  s t i r r e d  under nitrogen a t  room temperature f o r  5 

The so lu t ion  

The dichloro- 

The dichloromethane was evaporated and the  residue 

RESULTS AND DISCUSSION 

Our f i r s t  attempt t o  prepare a synthetic asphaltene involved heating 
dimethylnaphthalene with su l fur .  The major p a r t  of t h e  pentane-insoluble product 
was a l so  insoluble i n  benzene ("coke"), but a small yie ld  of benzene-soluble mat- 
e r i a l  was a l so  obtained. 
tene, having a molecylar weight of only 486, an H/C r a t i o  of 0;78, and a su l fu r  
content of 11%. 
Athabasca asphaltene. 

obtained by heating choles te ro l  with su l fur .  

ueight, HJC r a t i o  and su l fu r  content a r e  shown i n  the  Table. 
tene is  subs tan t ia l ly  increased when clay is  present.  
suggest that  kaolin is mre e f fec t ive  than montmorillonite, contrary t o  expecta- 
t ion.  The 'number average molecular weight of the synthe t ic  asphaltene is about 
2000, whereas t h a t  of Athabasca asphaltene i s  3000 a f t e r  a l lowing . for  hydrogen 
bonding. 
e s t e ro l ,  t o  an average of 1.25 which compares with 1.19 f o r  Athabasca asphaltene 
and an average of 1-16 for 33 analyzed samples i n  the  l i t e r a t u r e  (8). The major 
d i f fe rence  between the  synthe t ic  and na tura l  asphaltene is  t h a t  t h e  synthe t ic  
asphaltene contains an average of 17% sul fur  while the  highest  value recorded f o r  
a natura l  asphaltene is 9.6% (8b). 
su l fur  content from choles te ro l  were not successful.  

This asphaltene was q u i t e  d i f f e r e n t  from na tura l  asphal- 

The H rum spectrum w a s  a l s o  completely d i f f e r e n t  from t h a t  of 

However a mater ia l  s t r i k ing ly  s imi la r  t o  na tura l  asphaltene can be 
The y i e ld  of synthe t ic  asphaltene 

'obtained under various conditions,  together with the  number average molecular 
The y ie ld  of asphal- 

Preliminary experiments 

The H/C ratio has been reduced from 1.7 i n  the  s t a r t i n g  material ,  chol- 

A'ttemnts t o  obta in  an asphaltene with lower 
When the  amount of su l fu r  
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TABLE 

Reactions of Cholesterol (40 g) with Sulfur 
Under Various Conditions 

Reaction Conditions 
Sul fur (g)  Clay(g) Temp. ("C) Time (days) 

Yield(g) Mh' % S H/C 

20 20 170 
20 20 170 

15 20 17 0 
15 20 170 
15 20 170 

7 9.5 1905 17.0 1.24 
7 8.4 2093 17.0 1.24 

Average 9.0 1999 17.0 1.24 

7 1.3 2060 16.9 1.27 
7 2.0 1809 15.9 1.26 
7 1.1 1904 16.4 1.25 

Average 1.5 1924 16.4 1.26 

20 0 170 7 3.6 1631 19.0 1.27 

20 20 150 30 3.7 1893 24.2 1.37 

was reduced t o  10 g (with 40 g of cho le s t e ro l ) ,  no asphaltene w a s  produced. 
If t he  amount of su l fu r  w a s  reduced t o  15  g, t he  y i e ld  of asphaltene dropped sub- 
s t a n t i a l l y ,  bu t  the su l fu r  conten t  decreased only s l i g h t l y  from an average of 17.0% 
to 16.4%, bare ly  outside the  experimental variance. The high su l fur  content, 
roughly twice t h a t  of na tura l  asphaltene,  suggested t h a t  d i su l f ide  groups might be 
present.  To t e s t  t h i s  p o s s i b l i l i t y  t he  synthe t ic  asphaltene w a s  t r ea t ed  with 
l i thium aluminum hydride which would reductively cleave any d i s u l f i d e  groups to  
t h i o l s  (9)  and cause a decrease i n  t h e  molecular weight, i f  t h e  d i su l f ide  group is 
not i n  a ring. 
groups generated. 
1905 t o  952, a f t e r  allowing f o r  t he  weight of the octyl 'groups added (3.1 per  
molecule), showing t h a t  only one d i su l f ide  group per molecule i s  present.  
t i on  of three oc ty l  groups implies t h a t  no more than three  t h i o l  groups were 
generated, which corresponds f a i r l y  well  t o  t he  two t h i o l  groups expected from 
cleavage of one d i su l f ide  bond, and shows t h a t  there  a r e  few i f  any d i s u l f i d e  groups 
in  r ings .  
i n  tetrahydrofuran, which cleaves carbon-sulfur bonds (4 ) ,  decreased the molecular 
weight t o  416. very close to  t h e  choles te ro l  molecular weight of 387. This shows 
that t h e  polymer is held together by su l f ide  bridges, ra ther  than by carbon-carbon 
bonds. 4.6-sulfur atoms per molecule must be involved i n  such bridges, with one a 
d i su l f ide  bridge, t o  cause the  observed decrease i n  molecular weight, so t h a t  the 
remaining 5.5 su l fur  atoms per molecule may be i n  rings.  

s imi la r  to  those of Athabasca asphaltene,  a s  shown i n  the  Figures. The H NMR 
spectrumof t h e  synthe t ic  asphaltene shows t h a t  6% of the  hydrogen atoms a r e  aro- 
matic, qu i te  c lose  t o  the  8% found for Athabasca asphaltene. 
t r u m  of the synthe t ic  asphaltene shows t h a t  32% of the  carbon atoms a r e  aromatic 
compared t o  42% .for Athabasca asphaltene. These f igures  a re  cons is ten t  with the 
s l i g h t l y  higher H/C r a t i o  f o r  t he  synthe t ic  asphaltene. 
synthe t ic  and Athabasca asphaltene is apparent, when the  'H NMR spectrum i s  arbi-  
t r a r i l y  divided in to  "benzylic", "saturated CH2", and "saturated CH3" regions 
a t  64.50-1.75 f o r  "benzylic", 61.75-1.05 f o r  "saturated CH2" and 61.05-0.0 f o r  
"saturated methyl". 
not a t  61.75). 
tene and 0.82:1.0:0.90 f o r  t h e  synthe t ic  asphaltene, i .e.  t he re  appears t o  be m r e  
"saturated.  methyl" absorption i n  the synthe t ic  asphaltene. 

The product w a s  alkylLted with oc ty l  iodide t o  p ro tec t  any t h i o l  
This procedure caused a decrease i n  the  molecular weight from 

Addi- 

Reduction of t he  synthe t ic  asphaltene with potassium and naphthalene 

The I R ,  NMR and W spectrum of the  synthe t ic  asphaltene a r e  quire 

The 13c NMR spec- 

A d i f fe rence  between the 

(The spectrum does show minima a t  about 61.05 and 4.50 but 
The tn ree  regions a r e  i n  the  r a t i o  0.72:1:0.54 fo r  Athabasca asphal- 

The synthe t ic  asphal- 
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tene a l so  shows an intense EPR s igna l  similar t o  t h e  main peak i n  the  spectrum o f  
Athabasca asphaltene. 

I n  view of t h e  high su l fu r  content of t he  asphaltene produced by 
heating choles te ro l  with su l fu r ,  we have investigated the  proper t ies  of the asphal- 
tene produced by heating the  Athabasca maltene with su l fur  under the  conditions 
reported by Bestougeff f o r  Hassi-Messaoud maltene (10). The asphaltene produced 
i n  t h i s  way had an average molecular weight of 7813, 9.4% su l fu r  and an  H/C r a t i o  
O f  1.18. These values a r e  very c lose  t o  those of Athabasca asphaltene.  
there  a r e  some molecules present i n  t he  maltene which can be polymerized by su l fu r  
without incorporating su l fu r  i n t o  the u n i t s  of the  polymer. These molecules a r e  
probably i n  the  res ins ,  where t h e  molecules with r eac t ive  func t iona l  groups a r e  
concentrated. Since l i t t l e  i s  known about the  s t ruc tu re  of t he  molecules i n  the  
res ins ,  we do not know what kind of molecules a re  responsible. 
iment provides fu r the r  support f o r  the  suggestion t h a t  polymerization of smaller 
mlecu le s  with su l fur  is  a possible route  t o  asphaltene i n  nature.  

Apparently 

However the exper- 

CONCLUSIONS 

Reaction of choles te ro l  with su l fu r  produces mater ia l  very similar t o  
na tura l  asphaltene. The synthe t ic  asphaltene cons i s t s  of s m a l l  un i t s  held together 
by su l fur  bridges, as w a s  previously found fo r  Athabasca asphaltene. 
of t h i s  type a r e  a reasonable route  t o  asphaltene i n  nature, and a r e  t h e  only route 
supported by experimental evidence. 
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Figure 1. (a) IR spectrum of Athabasca asphaltene (2.7% in CHC13). 
(b) IR spectrum of synthetic asphaltene prepared from cholesterol and sulfur 

(2.7% in CHCIJ). 
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Figure 2. (a) 1 H NMR spectrum of Athabasca asphaltene. 

(b) H NMR spectrum of synthetic asphaltene prepared from cholesterol and sulfur. 
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Figure3. (a) UV spectrum of Athabasca asphaltene (16 mg/l in tetrahydrofuran). 
(b) UV spectrum of synrhetic asphaltene prepared from cholesterol and sulfur (15 ms/l 

in tetrahydrofuran). 
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Figure 2. (a) ’ H NMR spectrum of Athabasca asphaltene. 

(b) ’ H NMR spectrum of synthetic asphaltene prepared from cholesterol and sulfur. 

I I 

a 

io 
WAVELENGTH (nrn) 

Figure 3. (a) UV spectrum of Athabasca asphaltene (16 mg/l in tetrahydrofuran). 
(b) UV spectrum of synthetic asphaltene prepared from cholesterol and sulfur (15 mgll 

in tetrahydrofuran). 
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INTRODUCTION 

Non-catalytic thermal hydrocracking is  a method of upgrading Athabasca bitumen. 
It  reduces or el iminates  waste coke production and, i f  combined with gas i f ica t ion  of 
t h e  residue,  is l e s s  po l lu t ing  than the current ly  used coking processes. I n  a pre- 
vious report  (1) w e  described some of the chemical conversions t h a t  take place during 
the  hydrocracking of  the bitumen. The work described here is a continuation of the 
previous s tud ies  on the hydrocracked products. 

EXPERIMENTAL 

A schematic diagram of the procedure and the  breakdown to compound-types is  
shown i n  Figure 1. 

Samples : 

1. Athabasca bitumen obtained from the Great Canadian O i l  Sands' ho t  water 
separat ion process, 

2.  Five  samples of hydrocracked bitumen, selected t o  represent  increasing 
s e v e r i t i e s  of treatment a s  expressed i n  p i t c h  conversion t o  d i s t i l l a b l e  
f rac t ions .  

Thermal Hydrocracking 

The hydrocracking p i l o t  p l a n t  and its operation have been described i n  a pre- 
ViOuS repor t  ( 2 )  by our colleagues i n  the  Process Engineering Section of the Canadian 
F o s s i l  Fuel Research Laboratory of the  Energy Research Laboratories. 
bitumen and hydrogen are fed  a t  the  bottom. The resu l t ing  products, both l iqu id  and 
vapour, flow from t h e  top of the  reac tor  t o  a hot  separator .  The condensed material 
i n  t h i s  receiver  is withdrawn continuously as  a heavy o i l  product (HOP) through a 
pressure reducing valve i n t o  an atmospheric receiver .  
from the hot  separator  to  a cold rece iver  where the l i g h t  o i l  product (LOP) is with- 
drawn continuously. The gas stream from t h e  cold receiver ,  consis t ing mainly of 
hydrogen and containing impur i t ies  such as uncondensed hydrocarbon gas, hydrogen 
sulphide and ammonia, is  oil-scrubbed. The scrubbed hydrogen i s  joined by fresh 
make-up hydrogen and is then recycled t o  the  reac tor  a t  a constant  control led rate .  
Five l iqu id  samples of both the l i g h t  and heavy o i l  products represent ing increasing 
degrees of hydrocracking w e r e  s e l e c t e d  f o r  invest igat ion.  
are representat ive of s teady state conditions a t  a l iqu id  hourly space ve loc i ty  of 
2 and temperatures of 435, 445 and 455OC. Similar ly ,  the other  two samples were 
obtained a t  a l i q u i d  hourly space ve loc i ty  o f  1 and temperatures of 445 and 460°C. 
A l l  the samples resu l ted  from processing a t  2000 p s i  operat ing pressure and a hydro- 
gen recycle r a t e  of 1.5 cu f t / h r .  a t  the  same operating pressure and a temperature 
Of 25OC. 
and heavy o i l  depends on t h e  hot-receiver  temperature, the gas/liquid r a t i o  entering 
the receiver ,  and the degree of cracking t o  which the  product i s  subjected ( 3 ) .  

Athabasca 

The uncondensed vapours flow 

Three of  these samples 

The hydrogen p u r i t y  w a s  85%. The d i s t r i b u t i o n  of product between l i g h t  
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